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Objective

• To develop an understanding of the general procedure for 
evaluating embankment performance during seismic loading.

• Coincident seismic event and reservoir loading

• Liquefaction

• Deformation and breach

• Cracking causing erosion and breach

Key Concepts
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Failure due to Earthquakes
• Only about 1.5 percent of historical failures of embankment dams 

have been attributed to earthquakes.

Foster et. al (2000)

(Photos Courtesy of National Information Service for Earthquake Engineering, University of California, Berkeley, Karl Steinbrugge Collection)

Sheffield Dam 1925 Lower Sand Fernando Dam 1971

Fujinuma Dam 2011 Naruse and Hinuma Levees 2011
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General Steps for Evaluation of Seismic Risks for Embankments

• Evaluate site conditions and develop representative characterization of the 
embankment and foundation materials

• Develop detailed site-specific failure modes

• Develop event trees to assess failure modes

• Establish loading conditions for earthquake ground motions and associated 
magnitudes, as well the coincident reservoir level

• Perform a screening by evaluating the load combinations and site 
characteristics to determine if seismic potential failure modes will be 
significant risk contributors

• If seismic potential failure modes are significant risk contributors, conduct 
more rigorous evaluations of liquefaction, deformation, cracking, etc….

• Evaluate consequences
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Most Important Issue - Liquefaction

• Liquefaction occurs when earthquake 
shaking causes water pressure to increase 
in soils thus greatly reducing the shear 
strength of the soil.

• Saturated, clean, loose cohesionless or 
uncompacted materials are most 
susceptible.

• Liquefiable soils are common to alluvial 
valleys, where earth embankments are 
typically built.

Photos from National 

Information Service for 

Earthquake 

Engineering, University 

of California, Berkeley



Other Important Issue: Cyclic 
Softening/Strength loss

• Strength loss can occur in soft or sensitive clays

• These type of soils are common in lacustrine or glacial-lacustrine 
environments.

• Normally consolidated to slightly over consolidated clays can have 
low seismic shear strengths and can lose significant strength if the 
earthquake-induced strains are large enough



Typical Potential Failure Modes

• Overtopping erosion due to deformation 
exceeding the available freeboard

• Liquefaction and non-liquefaction

• Internal erosion due to transverse 
cracking

• See characteristics susceptible to cracking 
described in D-6 (Internal Erosion)

• Liquefaction or cyclic softening and sliding

  

 

 



Cracking due to Fault Rupture

Source: Bray et al. (1994)



Cracking due to Embedded or Adjacent Structures

• At conduit contacts
• Typically, located deep in the embankment and thus cracks may close due 

to confining pressures

• At spillway wall contacts
• Separation in these areas observed in case histories

• Typically, transverse orientation

• At concrete/embankment wrap-around sections
• Similar behavior to the other structure contacts

• Typically, more circuitous seepage path
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Steps for Evaluation of Seismic Potential Failure Modes

• Estimate the likelihood of liquefaction or cyclic softening and 
sliding of any foundation or embankment materials;

• Estimate the residual shear strength of the materials that may 
liquefy or may experience strength loss;

• Estimate the deformation of the embankment.



Complete the Event Tree Similar to Static Potential Failure Modes

• For overtopping erosion, assess the likelihood of failure due to 
overtopping erosion for various depths of overtopping, as 
described in Chapter D-3.

• For internal erosion, assess the potential cracking characteristics 
(location and size) and estimate the likelihood of failure due to 
concentrated leak erosion as a function of the earthquake and 
coincident water level, as described in Chapter D-8.



Sample Event Tree for Seismic Crest Deformation

        etc.

        Deformation > Freeboard?

        Liquefaction?

        etc.

        Deformation > Freeboard?

        etc.

        Coincident Pool

        etc.

        etc.

        etc.

        Earthquake

        etc.

        etc.

0.3g < PGA < 0.5g

0.1g < PGA < 0.3g

PGA < 0.1g

Seismic Overtopping Event Tree

Yes

Yes

No

No

Yes

No

Reservoir Range 4

Reservoir Range 3

Reservoir Range 2

Reservoir Range 1

PGA > 0.5g
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Seismic Loading Considerations

• Percentage of time exceedance plots 
to develop partitions or as input to 
event tree

• Acceleration time histories also used

• Deaggregations needed for 
magnitude with greatest contribution 
to the loading partition.

• USGS has a number of useful tools

144 yr

475 yr

2,475 yr

9,975 yr

84th Percentile of 

MCE ground 

motion  

100,000 yr



Reservoir / River / Coastal Loading Considerations
• For water supply embankments 

use of the percentage of time 
exceedance plot to develop 
partitions (or as input into event 
tree), consider the normal 
operating level or percentage of 
time above a threshold level.

• For flood control embankments 
and levees with large fluctuations 
in reservoir, river or coastal water 
levels, failure modes are also a 
function of the coincident water 
level

• Use stage-duration relationship for 
frequencies

• SRP = f(PGA or Mw, Coincident 
Pool)



Example of Failure Mode Screening based on  Joint Loading Probability
APF ≈ Σ (Annual frequency of an earthquake within PGA partition) (Fraction of a year for reservoir within partition) (Assumed SRP = 1)

184.0 189.0 197.5 200.0 205.0 216.5 228.5 228.6 234.0 PoolA (g)

186.0 197.5 200.0 205.0 216.5 228.5 228.6 234.0 239.0 PoolB (g)

1.00E+00 7.75E-02 1.91E-02 6.37E-03 2.40E-04 2.01E-05 1.51E-06 1.48E-06 4.63E-07 PA

2.11E-01 1.91E-02 6.37E-03 2.40E-04 2.01E-05 1.51E-06 1.48E-06 4.63E-07 1.57E-07 PB

PGAA (g) PGAB (g) AEPA AEPB PAB 7.89E-01 5.84E-02 1.27E-02 6.13E-03 2.20E-04 1.86E-05 3.23E-08 1.02E-06 3.05E-07 PAB

0.000 0.050 9.26E-01 7.37E-02 8.53E-01 6.72E-01 4.98E-02 1.09E-02 5.23E-03 1.88E-04 1.59E-05 2.75E-08 8.69E-07 2.60E-07

0.050 0.100 7.37E-02 3.04E-02 4.33E-02 3.41E-02 2.53E-03 5.52E-04 2.65E-04 9.53E-06 8.06E-07 1.40E-09 4.41E-08 1.32E-08

0.100 0.150 3.04E-02 1.62E-02 1.41E-02 1.12E-02 8.27E-04 1.80E-04 8.67E-05 3.12E-06 2.64E-07 4.57E-10 1.44E-08 4.32E-09

0.150 0.200 1.62E-02 9.98E-03 6.24E-03 4.92E-03 3.65E-04 7.96E-05 3.83E-05 1.38E-06 1.16E-07 2.02E-10 6.37E-09 1.91E-09

0.200 0.250 9.98E-03 6.90E-03 3.08E-03 2.43E-03 1.80E-04 3.93E-05 1.89E-05 6.79E-07 5.74E-08 9.96E-11 3.14E-09 9.41E-10

0.250 0.300 6.90E-03 4.95E-03 1.96E-03 1.54E-03 1.14E-04 2.49E-05 1.20E-05 4.31E-07 3.64E-08 6.32E-11 1.99E-09 5.97E-10

0.300 0.400 4.95E-03 2.88E-03 2.07E-03 1.63E-03 1.21E-04 2.64E-05 1.27E-05 4.56E-07 3.85E-08 6.69E-11 2.11E-09 6.32E-10

0.400 0.500 2.88E-03 1.86E-03 1.02E-03 8.02E-04 5.94E-05 1.30E-05 6.24E-06 2.24E-07 1.89E-08 3.29E-11 1.04E-09 3.10E-10

0.500 0.600 1.86E-03 1.24E-03 6.24E-04 4.92E-04 3.64E-05 7.95E-06 3.82E-06 1.37E-07 1.16E-08 2.02E-11 6.36E-10 1.90E-10

0.600 0.700 1.24E-03 8.52E-04 3.85E-04 3.04E-04 2.25E-05 4.91E-06 2.36E-06 8.48E-08 7.17E-09 1.24E-11 3.93E-10 1.18E-10

0.700 0.800 8.52E-04 5.92E-04 2.60E-04 2.05E-04 1.52E-05 3.31E-06 1.59E-06 5.72E-08 4.84E-09 8.39E-12 2.65E-10 7.93E-11

0.800 0.900 5.92E-04 4.26E-04 1.67E-04 1.32E-04 9.74E-06 2.13E-06 1.02E-06 3.67E-08 3.11E-09 5.39E-12 1.70E-10 5.09E-11

0.900 1.000 4.26E-04 3.06E-04 1.20E-04 9.45E-05 7.00E-06 1.53E-06 7.35E-07 2.64E-08 2.23E-09 3.87E-12 1.22E-10 3.66E-11

1.000 1.250 3.06E-04 1.41E-04 1.65E-04 1.30E-04 9.62E-06 2.10E-06 1.01E-06 3.63E-08 3.07E-09 5.32E-12 1.68E-10 5.03E-11

1.250 1.500 1.41E-04 6.69E-05 7.40E-05 5.84E-05 4.32E-06 9.43E-07 4.54E-07 1.63E-08 1.38E-09 2.39E-12 7.55E-11 2.26E-11

1.500 1.750 6.69E-05 3.34E-05 3.35E-05 2.64E-05 1.96E-06 4.27E-07 2.05E-07 7.37E-09 6.23E-10 1.08E-12 3.41E-11 1.02E-11

1.750 2.000 3.34E-05 1.68E-05 1.67E-05 1.31E-05 9.73E-07 2.12E-07 1.02E-07 3.67E-09 3.10E-10 5.38E-13 1.70E-11 5.08E-12

2.000 2.250 1.68E-05 #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE!

2.250 2.500 #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! Total

2.500 3.000 #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! #VALUE! APF

7.31E-01 5.41E-02 1.18E-02 5.68E-03 2.04E-04 1.73E-05 2.99E-08 9.45E-07 2.83E-07 8.02E-01



Example of Failure Mode Screening 
based on  Joint Loading Probability

APF ≈ Σ (Annual frequency of an earthquake within PGA partition) (Fraction of a year for reservoir within partition) (Assumed SRP = 1)

184.0 189.0 197.5 200.0 205.0 216.5 228.5 228.6 234.0 PoolA (g)

186.0 197.5 200.0 205.0 216.5 228.5 228.6 234.0 239.0 PoolB (g)

1.00E+00 7.75E-02 1.91E-02 6.37E-03 2.40E-04 2.01E-05 1.51E-06 1.48E-06 4.63E-07 PA

2.11E-01 1.91E-02 6.37E-03 2.40E-04 2.01E-05 1.51E-06 1.48E-06 4.63E-07 1.57E-07 PB

PGAA (g) PGAB (g) AEPA AEPB PAB 7.89E-01 5.84E-02 1.27E-02 6.13E-03 2.20E-04 1.86E-05 3.23E-08 1.02E-06 3.05E-07 PAB

0.000 0.050 9.26E-01 7.37E-02 8.53E-01

0.050 0.100 7.37E-02 3.04E-02 4.33E-02

0.100 0.150 3.04E-02 1.62E-02 1.41E-02

0.150 0.200 1.62E-02 9.98E-03 6.24E-03

0.200 0.250 9.98E-03 6.90E-03 3.08E-03

0.250 0.300 6.90E-03 4.95E-03 1.96E-03

0.300 0.400 4.95E-03 2.88E-03 2.07E-03 4.56E-07 3.85E-08 6.69E-11 2.11E-09 6.32E-10

0.400 0.500 2.88E-03 1.86E-03 1.02E-03 2.24E-07 1.89E-08 3.29E-11 1.04E-09 3.10E-10

0.500 0.600 1.86E-03 1.24E-03 6.24E-04 1.37E-07 1.16E-08 2.02E-11 6.36E-10 1.90E-10

0.600 0.700 1.24E-03 8.52E-04 3.85E-04 8.48E-08 7.17E-09 1.24E-11 3.93E-10 1.18E-10

0.700 0.800 8.52E-04 5.92E-04 2.60E-04 5.72E-08 4.84E-09 8.39E-12 2.65E-10 7.93E-11

0.800 0.900 5.92E-04 4.26E-04 1.67E-04 3.67E-08 3.11E-09 5.39E-12 1.70E-10 5.09E-11

0.900 1.000 4.26E-04 3.06E-04 1.20E-04 2.64E-08 2.23E-09 3.87E-12 1.22E-10 3.66E-11

1.000 1.250 3.06E-04 1.41E-04 1.65E-04 3.63E-08 3.07E-09 5.32E-12 1.68E-10 5.03E-11

1.250 1.500 1.41E-04 6.69E-05 7.40E-05 1.63E-08 1.38E-09 2.39E-12 7.55E-11 2.26E-11

1.500 1.750 6.69E-05 3.34E-05 3.35E-05 7.37E-09 6.23E-10 1.08E-12 3.41E-11 1.02E-11

1.750 2.000 3.34E-05 1.68E-05 1.67E-05 3.67E-09 3.10E-10 5.38E-13 1.70E-11 5.08E-12

2.000 2.250 1.68E-05 #VALUE!

2.250 2.500 #VALUE! Total

2.500 3.000 #VALUE! APF

#N/A #N/A #N/A #N/A 1.09E-06 9.18E-08 1.59E-10 5.03E-09 1.50E-09 1.18E-06
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Likelihood of Liquefaction



Probability of Liquefaction

Boulanger and Idriss (2010):

Probability of no liquefaction: PNL = 1 – PL

𝑃𝐿  𝑁1 60𝑐𝑠 , 𝐶𝑆𝑅𝑀=7.5,𝜎′𝑣=1𝑎𝑡𝑚  

=
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Cyclic Softening of Clays

• Probability of cyclic softening can be calculated by comparing the 
CSR, which is based on differing earthquake return periods, to the 
cyclic resistance ratio (CRR) of clay.

• If CRR is less than CSR there is a high potential for strength loss

• CRR calculated as 
CRR = 0.8*S*(OCR)^m 

(Idriss and Boulanger, 2008)

• Post seismic fully remolded strengths can be estimated using CPT, 
VST or by other empirical correlations such as using Liquidity 
Index



Residual Shear Strength of Liquefied Soil

Seed and Harder (1990)
Sr = f((N1)60cs)

Idriss and Boulanger (2008)
Sr/s′vc = f((N1)60-Sr)
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Empirical Deformation (No Liquefaction occurs)

Hebgen (1959)

Masiway (1990)

U. San Fernando (1971)

Austrian (1989)

U. San Fernando (1994)

Aratozawa (2008)

Ishibuchi (2008)

Coyote (1983)
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Peak Ground Acceleration at Dam, PGA (g)

Earthquake Moment Magnitude (Mw)

Normalized crest settlement,
NCS = EXP[5.70(PGA) + 0.471(Mw) − 7.22]

Swaisgood (1998, 2003, 2014)



Simplified Dynamic Sliding Mass Deformation

• Newmark (1965) and 
modified and updated by

• Makdisi and Seed (1978)

• Watson-Lamprey and 
Abrahamson (2006)

• Bray and Travasarou (2007)



Non-Linear Deformation Analysis



Post-Earthquake Deformation

• Post EQ Slope Stability 
Analysis

• Deformation - use a computer 
program such as FLAC

• Model potentially liquefiable 
materials using residual 
undrained shear strengths

• Evaluate deformed shape and 
displacement magnitudes from 
applied gravity loading only

• Neglects dynamic deformations 
that could occur during shaking
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Internal Erosion through Cracks
after Pells and Fell (2002, 2003)

• Estimate damage class from deaggregation of seismic hazard for each 
seismic load partition

• Assume Damage Class 3 or 4 if liquefaction occurs

• Estimate maximum likely crest settlement.
• Cracking begins at settled crest elevation

• Estimate probability of transverse cracking
• Use expert elicitation and Fell et al. (2008) as guide

• Estimate maximum likely crack width at the crest using Fell et al. (2008) as 
guide

• Estimate maximum likely crack depth.

• Estimate probability of initiation, continuation, and progression of 
concentrated leak erosion for reservoir partitions

• See Chapter D-6 Internal Erosion



Damage Class = f (PGA, Mw)

Earthfill 

Dams

PGA-Mw pairs can be obtained from

seismic hazard deaggregation

Pells and Fell 

(2002, 2003)

Damage Class Maximum 

Longitudinal Crack 

Width (1) (mm) 

Maximum Relative 

Crest Settlement (2) 

(percent) 
Number Description 

0 No or Slight < 10 < 0.03 

1 Minor 10 to 30 0.03 to 0.2 

2 Moderate 30 to 80 0.2 to 0.5 

3 Major 80 to 150 0.5 to 1.5 

4 Severe 150 to 500 1.5 to 5 

5 Collapse > 500 > 5 

Notes:  (1) Maximum likely crack width is taken as the maximum width of any 

longitudinal crack that occurs. 

(2) Maximum relative crest settlement is expressed as a percentage of the 

structural height. 

 

Damage Class 
Probability of 

Transverse Cracking 

Maximum Likely 

Crack Width at the 

Crest (mm) 
Number Description 

0 No or Slight 0.001 to 0.01 5 to 20 

1 Minor 0.01 to 0.05 20 to 50 

2 Moderate 0.05 to 0.10 50 to 75 

3 Major 0.2 to 0.25 100 to 125 

4 Severe 0.5 to 0.6 150 to 175 

 



Main Issues to Consider

• Defensive measures of dam: filters to prevent or control internal erosion of the dam 
and its foundation; zones of good drainage capacity (e.g., free-draining rockfill)

• Embankment stability during and immediately after the earthquake

• Earthquake-induced deformations (i.e., settlement and cracking) and dam freeboard

• Liquefaction potential of saturated sandy and silty soils and some gravels with a sand 
and silt matrix in the foundation, and possibly in the embankment

• Cyclic softening potential of soft or sensitive clays in the foundation and 
possibly in the embankment

35

Adapted from Fell (2005) Geotechnical Engineering of Dams


